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1. Introduction: Electroweak Precision Observables

Comparison of observables with theory:

Precision data: Theory:

MW , sin2 θeff , aµ, Mh ↔ SM, BSM , EFT?

⇓
Test of theory at quantum level: Sensitivity to loop corrections, e.g. X

X

⇓
SM: limits on MH, BSM: limits on MX

Very high accuracy of measurements and theoretical predictions needed

⇒ only models “ready” so far: SM, MSSM and maybe pure Higgs extensions
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The “classical” EWPO:

MW (best from e+e− threshold scan)

σ0had =
∑

q
σq(M

2
Z),

ΓZ =
∑

f

Γ[Z → ff̄ ], (from a fit to σf(s) at various values of s)

Rℓ =
[

∑

q σq(M
2
Z)
]

/σℓ(M
2
Z), (ℓ = e, µ, τ)

Rq = σq(M
2
Z)/

[

∑

q σq(M
2
Z)
]

, (q = b, c)

A
f
FB =

σf(θ < π
2)− σf(θ > π

2)

σf(θ < π
2) + σf(θ > π

2)
≡ 3

4AeAf ,

A
f
LR =

σf(Pe < 0)− σf(Pe > 0)

σf(Pe < 0) + σf(Pe > 0)
≡ Ae|Pe|

Af = 2
gVf/gAf

1 + (gVf/gAf
)2

=
1− 4|Qf | sin2 θfeff

1− 4|Qf | sin2 θfeff +8(|Qf | sin2 θfeff)2
(f = ℓ, b, . . .)
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More “possible” EWPO:

− the anomalous magnetic moment of the muon: aµ

− Higgs boson masses ∼ 125 GeV

⇒ if Mh is not a free parameter

Challenge: before the end of this talk think of a non-SUSY BSM theory

that predicts Mh!

− new couplings between SM and BSM

− . . .

⇒ focus here mostly on the “classical” EWPO
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Evaluation of “classical” EWPO in the SM (and BSM)

A) Theoretical prediction for MW in terms

of MZ, α,Gµ,∆r:

M2
W

(

1− M2
W

M2
Z

)

=
π α√
2Gµ

(1 +∆r)

m
loop corrections

Evaluate ∆r from µ decay ⇒ MW

One-loop result for MW in the SM:

[A. Sirlin ’80] , [W. Marciano, A. Sirlin ’80]

∆r1−loop = ∆α − c2W
s2W

∆ρ + ∆rrem(MH)

∼ log
MZ
mf

∼ m2
t log(MH/MW)

∼ 6% ∼ 3.3% ∼ 1%
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Evaluation of “classical” EWPO in the SM (and BSM)

A) Theoretical prediction for MW in terms

of MZ, α,Gµ,∆r:

M2
W

(

1− M2
W

M2
Z

)

=
π α√
2Gµ

(1 +∆r)

m
loop corrections

B) Effective mixing angle:

sin2 θeff =
1

4 |Qf |



1− Re g
f
V

Re g
f
A





Higher order contributions:

g
f
V → g

f
V +∆g

f
V , g

f
A → g

f
A +∆g

f
A
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2. EWPOs in concrete BSM models

The by far best worked out model: SM

Intrinsic uncertainties:

Quantity current experimental unc. current intrinsic unc.

MW [MeV] 12 4 (α3, α2αs)

sin2 θℓeff [10−5] 16 4.5 (α3, α2αs)

ΓZ [MeV] 2.3 0.5 (α3, α2αs, αα2
s)

Rb [10−5] 66 15 (α3, α2αs)

Rl [10
−3] 25 5 (α3, α2αs)

Parametric uncertainties:

Quantity δmt = 0.9 GeV δ(∆αhad) = 10−4 δMZ = 2.1 MeV

δMpara
W [MeV] 5.5 2 2.5

δ sin2 θ
ℓ,para
eff [10−5] 3.0 3.6 1.4

⇒ Current intrinsic/parametric uncertainties are substantially smaller

than current experimental uncertainties :-) in the SM!
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Which BSM theories have been sufficiently worked out?

What means “sufficiently”?

− several/all EWPOs are available at full 1-loop

− at best: leading 2-loop

− uncertainty estimate available

MSSM: all EWPO at full 1-loop, ∆ρ 2-loop: ∆ρααs, ∆ρα
2
t ,αtαb,α

2
b

rough uncertainty estimate available

NMSSM: only MW , ∆ρ1−loop, ∆ρααs, no uncertainty estimate

xSM: only S, T, U at 1-loop, no uncertainty estimate

2HDMs: only S, T, U at 1-loop, T at 2-loop, no uncertainty estimate

⇒ better overview necessary! ⇒ Snowmass 2021?

Pure Higgs sector extensions:

S, T, U probably sufficient, still uncertainty estimate needed
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⇒ better overview necessary! ⇒ Snowmass 2021? (my EF04 Lo I :-)
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⇒ better overview necessary! ⇒ Snowmass 2021? (my EF04 Lo I :-)

− What BSM models have been worked out?

− . . . and to what extent?

− Uncertainty estimate?

− What has to be calculated to have them “sufficiently” under control?

(. . . any volunteers? :-)

− Any possible predictions about other parts of the BSM spectrum?
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⇒ better overview necessary! ⇒ Snowmass 2021? (my EF04 Lo I :-)

− What BSM models have been worked out?

− . . . and to what extent?

− Uncertainty estimate?

− What has to be calculated to have them “sufficiently” under control?

(. . . any volunteers? :-)

− Any possible predictions about other parts of the BSM spectrum?

− Are there some clear patterns arising?

. . . that can be compared to future data?
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EWPOs in the MSSM

Superpartners for Standard Model particles
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EWPOs in the MSSM

Superpartners for Standard Model particles

Repeat the following excercises in your favorite BSM theory!
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Differences between the MSSM and the SM:

1.) New contributions from SUSY particles:

SM MSSM

V V

t,b

V V

t̃,̃b

2.) CPV effects via new CPV phases

3.) large Yukawa corrections: ∼ m4
t log

(

mt̃1
mt̃2

m2
t

)

4.) large corrections from the b/̃b sector for large tanβ

5.) non-decoupling SUSY effects: ∼ log
MSUSY
MW
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Corrections to MW , sin2 θeff → approximation via the ρ-parameter:

ρ measures the relative strength between

neutral current interaction and charged current interaction

ρ =
1

1−∆ρ
∆ρ =

ΣZ(0)

M2
Z

− ΣW (0)

M2
W

(leading, process independent terms)

∆ρ gives the main contribution to EW observables:

∆MW ≈ MW

2

c2W
c2W − s2W

∆ρ, ∆sin2 θeffW ≈ − c2Ws2W
c2W − s2W

∆ρ

V V

t,b

V V

t̃,̃b

∆ρSUSY from t̃/̃b loops > 0 ⇒ MSUSY
W

>∼ MSM
W , sin2 θSUSY

eff
<∼ sin2 θSMeff
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∆ρSUSY from t̃/̃b loops > 0 ⇒ MSUSY
W

>∼ MSM
W , sin2 θSUSY

eff
<∼ sin2 θSMeff

SM result for MW , sin2 θeff:

− full one-loop

− full two-loop

− leading 3-loop via ∆ρ (not yet n3
f ;-)

− leading 4-loop via ∆ρ

Best MSSM result for MW : [S.H., W. Hollik, G. Weiglein, L. Zeune ’13 ]

− full SM result (via fit formel)

− full MSSM one-loop (incl. CPV phases)

− all existing two-loop ∆ρ contributions (∆ρααs, ∆ρα
2
t ,αtαb,α

2
b )

∆ρ does not contain: − effects from sleptons

− effects from charginos/neutralinos

⇒ non-∆ρ one-loop and ∆ρ two-loop contributions

sometimes non-negligible!
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Example: Prediction for MW in the SM and the MSSM :

[S.H., W. Hollik, D. Stockinger, G. Weiglein, L. Zeune ’18]

168 170 172 174 176 178

mt
pole

 [GeV]

80.30

80.40

80.50

80.60

M
W

 [G
eV

]

MSSM

MH = 125.09 ± 0.48 GeVSM

Mh = 125.09 ± 3.1 GeV

MSSM

SM, MSSM
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune ’18

MSSM band:

scan over

SUSY masses

overlap:

SM is MSSM-like

MSSM is SM-like

SM band:

variation of MSM
H
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Example: Prediction for MW in the SM and the MSSM :

[S.H., W. Hollik, D. Stockinger, G. Weiglein, L. Zeune ’18]

168 170 172 174 176 178

mt
pole

 [GeV]

80.30

80.40

80.50

80.60

M
W

 [G
eV

]

MSSM

MH = 125.09 ± 0.48 GeVSM

Mh = 125.09 ± 3.1 GeV

MSSM

SM, MSSM
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune ’18

experimental errors 68% CL

MW: LEP2/Tevatron/LHC

mt: Tevatron/LHC MSSM band:

scan over

SUSY masses

overlap:

SM is MSSM-like

MSSM is SM-like

SM band:

variation of MSM
H
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Example: Prediction for MW and sin2 θeff in the SM and the MSSM :

[S.H., W. Hollik, G. Weiglein, L. Zeune et al. ’13]

80.2 80.3 80.4 80.5 80.6
MW [GeV]

0.2300

0.2305

0.2310

0.2315

0.2320

0.2325

0.2330

si
n2 θ ef

f

mt = 170 .. 175 GeV

SM:MH = 125.6 ± 0.7 GeV

MSSM

SM, MSSM
Heinemeyer, Hollik, Weiglein, Zeune et al. ’13

MSSM band:

scan over

SUSY masses

overlap:

SM is MSSM-like

MSSM is SM-like

SM band:

variation of MSM
H
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Example: Prediction for MW and sin2 θeff in the SM and the MSSM :

[S.H., W. Hollik, G. Weiglein, L. Zeune et al. ’13]

80.2 80.3 80.4 80.5 80.6
MW [GeV]

0.2300

0.2305

0.2310

0.2315

0.2320

0.2325

0.2330

si
n2 θ ef

f

mt = 170 .. 175 GeV

SM:MH = 125.6 ± 0.7 GeV

MSSM

SM, MSSM
Heinemeyer, Hollik, Weiglein, Zeune et al. ’13

experimental errors 68% CL / collider experiment:

LEP/SLD/Tevatron

LHC

ILC/GigaZ
AFB (LEP)

ALR (SLD)

MSSM band:

scan over

SUSY masses

overlap:

SM is MSSM-like

MSSM is SM-like

SM band:

variation of MSM
H
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Example MSSM scenario (I): [S.H., G. Weiglein, L. Zeune ’13]

⇒ extensive parameter scan:

Parameter Minimum Maximum

µ -2000 2000

MẼ1,2,3
= ML̃1,2,3

100 2000

MQ̃1,2
= MŨ1,2

= MD̃1,2
500 2000

MQ̃3
100 2000

MŨ3
100 2000

MD̃3
100 2000

Ae = Aµ = Aτ -3MẼ 3MẼ

Au = Ad = Ac = As -3MQ̃12
3MQ̃12

Ab -3max(MQ̃3
,MD̃3

) 3max(MQ̃3
,MD̃3

)

At -3max(MQ̃3
,MŨ3

) 3max(MQ̃3
,MŨ3

)

tan β 1 60

M3 500 2000

MA 90 1000

M2 100 1000
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Example MSSM scenario (I): effects beyond ∆ρ: EW particles

168 170 172 174 176 178
mt [GeV]

80.30

80.40

80.50

80.60

M
W

 [G
eV

]

MH = 125.6 ± 0.7 GeVSM

MSSM

HiggsBounds

allowed

MSSM, HB allowed

SM, MSSM
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune ’13

experimental errors 68% CL:

LEP2/Tevatron: today

mchar
200
150
100 95

ML
500
200
150

100

90
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Example MSSM scenario (I): effects beyond ∆ρ: EW particles

171 172 173 174 175 176 177 178
mt [GeV]

80.35

80.40

80.45

80.50

M
W

 [G
eV

]

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune ’13

experimental errors 68% CL:

LEP2/Tevatron: today

mchar
200

150

100
95

ML
500

200

150

100

90
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Effects of stops: [S.H., G. Weiglein, L. Zeune ’13]

All points HiggsBounds allowed
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Effects of stops: [S.H., G. Weiglein, L. Zeune ’13]

. . .⊕ mq̃1,2,mg̃ > 1200 GeV
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Effects of stops: [S.H., G. Weiglein, L. Zeune ’13]

. . .⊕ mb̃i
> 500 GeV
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Effects of stops: [S.H., G. Weiglein, L. Zeune ’13]

. . .⊕ ml̃,mχ̃±
i
,mχ̃0

j
> 500 GeV ⇒ update worthwhile?!
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Example MSSM scenario (II): [S.H., G. Weiglein, L. Zeune ’15]

mt̃1
= 400± 40 GeV, Other masses >∼ 500 GeV

Mexp
W = 80.375± 0.005 GeV,80.385± 0.005 GeV,80.395± 0.005 GeV

⇒ precision below 5 MeV required! ⇒ update worthwhile?!
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Example MSSM cenario (II): [S.H., G. Weiglein, L. Zeune ’15]

mt̃1
= 400± 40 GeV, Other masses >∼ 500 GeV

Mexp
W = 80.375± 0.005 GeV,80.385± 0.005 GeV,80.395± 0.005 GeV

⇒ precision below 5 MeV required! ⇒ update worthwhile?!
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3. Why not (only) EFTs?

EFTs have many virtues!

But they also have many (un?)known short-comings:

− all BSM physics is assumed to be very heavy,

out of the direct reach of current/future colliders

(Not my favorite future physics scenario . . . )

− if one finds large effects in the EFT predictions,

it is not clear whether this can be reproduced by any real model

− EFTs as such leave unclear to what underlying real model

a certain effect corresponds

⇒ this requires a “model by model” prediction for the EFT

− . . .
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Let us assume that we do see a deviation from the SM

What do we learn from that?

How do we learn something from that?

⇒ We have to compare the observed deviation with

predicted deviations

⇒ Preferrably with the predicted deviations in a concrete models

We want to learn which physics is responsible for the deviations

⇒ A comparison with an EFT result subsequently requires the

mapping to concrete models anyway!

Needed:

− sufficiently precise predictions in BSM model

− . . . including uncertainty estimates

− Analysis of patterns of deviations?!
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4. Conclusinos

• EWPOs are a powerful tool to learn about unknown physics scales

⇒ top mass and Higgs mass were predicted correctly (within the SM)

• “Classical” EWPO: MW , sin2 θeff, ΓZ, Rl, Rq, . . .

Do not forget possible new EWPOs: aµ, Mh, . . .

• Current predictions within the SM are sufficiently under control for now

• Situation is less clear for BSM models

⇒ better overview necessary! ⇒ Snowmass 2021?

⇒ Analysis of patterns of deviations?!

• MSSM as a showcase:

− sufficiently worked out, including rough uncertainty estimate

− possible clear patterns

− ∆ρ not sufficient to cover the possible effects

− EWPOs can tell us about other unknown scales of the MSSM

• Assume an observed deviation from the SM:

− compre observed deviations with predicted deviations

− preferrably in a concrete model

− Comp. with EFT requires subsequent mapping to concrete models
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